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Living Mulch for Sustainable Maize Stover Biomass Harvest
Abstract
The Renewable Fuels Standard mandate provides enhanced opportunity for maize (Zea mays L.) stover use as
a bioenergy feedstock. Living mulch (LM) offers a possible solution for the natural resources constraints
associated with maize stover biomass harvest. A two site-year study was conducted near Boone and Kanawha,
IA, in both maize following maize (MM) and maize following soybean [Glycine max (L.) Merr.] (SM)
sequences to evaluate the impact of established and chemically suppressed Kentucky bluegrass (Poa pratensis
L.) (KB) ‘Ridgeline’, ‘Wild Horse’, ‘Oasis’, and ‘Mallard’ blend and creeping red fescue (Festuca rubra L.) (CF)
‘Boreal’ as LM on three maize hybrids (population sensitive, population insensitive, and yield stable). Maize
grain yield for the no LM treatments in the MM and SM sequences was 12.0 and 13.2 Mg ha-1, respectively, at
Boone and 12.8 and 14.8 Mg ha-1, respectively, at Kanawha, 23-73% greater than the LM treatment. Ethanol
yield (L ha-1) was 12-119% greater, protein concentration was ≤9% greater, and starch concentration was ≤1%
lower in the no LM treatment maize than LM treatment maize. Maize hybrid by cover interaction was
significant for parameters including total aboveground biomass and protein concentration at Boone, with
inconsistent maize hybrid responses to the LM system. Stover yield, stover quality, stover C and N, leaf area
index (LAI), maize plant density, maize maturity, and sequence year in the MM sequence were also evaluated.
Results emphasize the need for maize hybrid and LM system compatibility and effective LM suppression
techniques.
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Table 1. Treatments for the maize following maize (MM) and maize following soybean (SM) sequences at Boone and Kanawha in 2015 and 2016, 1 
respectively, and residue removal protocol exclusively for the MM sequence. 2 
Treatment† Living mulch Tillage method Hybrid characteristic Residue removal N fertilizer application 
1 None Conventional Population sensitive Removed Broadcast 
2 None Conventional Population sensitive Not removed Broadcast 
3 None Conventional Population insensitive Removed  Broadcast 
4 None Conventional Population insensitive Not removed Broadcast 
5 None Conventional Yield stable Removed Broadcast 
6 None Conventional Yield stable Not removed Broadcast 
7 Kentucky bluegrass Zone tillage Population sensitive Removed Banded 
8 Kentucky bluegrass Zone tillage Population insensitive Removed Banded 
9 Kentucky bluegrass Zone tillage Yield stable Removed Banded 
10 Creeping red fescue Zone tillage Population sensitive Removed Banded 
11 Creeping red fescue Zone tillage Population insensitive Removed Banded 
12 Creeping red fescue Zone tillage Yield stable Removed Banded 
† Treatments 1 and 2, 3 and 4, and 5 and 6 were duplicates within the SM sequence.	 	3 
Table 2. Type III tests of significance for fixed sources of variation for MM† and SM measurements including GY, TAB, stover yield, HI, stover C, stover N, 4 
C/N, grain protein, grain oil, grain starch, and grain density, and EY. 5 
Source of 
variation 










 MM sequence 
Location (L) NS‡ NS NS NS NS * * NS * ** NS NS ** ** 
Treatment (T) *** NS NS NS NS *** *** *** *** *** ** NS *** *** 
L × T ** ** ** NS NS NS NS NS NS NS * NS *** *** 
Sequence Year (Y) *** *** *** *** NS *** *** *** *** *** ** ** *** *** 
L × Y *** *** NS *** *** *** *** NS *** *** NS NS *** *** 
T × Y *** ** * NS NS NS NS ** NS NS * NS *** *** 
L × T × Y *** ** * NS NS NS NS NS NS NS *** NS *** *** 
 SM sequence 
L NS NS * NS *** NS NS NS * ** NS NS ** ** 
T *** *** *** NS NS * * *** * *** *** NS *** *** 
L × T *** NS NS NS NS NS NS NS NS NS NS NS *** ** 
* Significant at the 0.05 probability level.  6 
** Significant at the 0.01 probability level. 7 
 *** Significant at the 0.001 probability level. 8 
† EY, ethanol yield; GY, grain yield; HI, harvest index; LM, living mulch; MM, maize following maize; SM, maize following soybean; TAB, total aboveground 9 
biomass. 10 
‡ NS, nonsignificant. 11 
  12 
Table 3. Type III tests of significance for fixed sources of variation for MM† and SM measurements including total ash, NDF, ADF, ADL, hemicellulose, 13 
cellulose, and lignin. 14 
Source of variation Total ash NDF ADF ADL Hemicellulose Cellulose Lignin
MM sequence 
Location (L) NS‡ * NS * NS NS * 
Treatment (T) NS NS *** NS *** *** NS 
L × T NS * * NS NS * NS 
Sequence Year (Y) NS *** *** ** *** *** ** 
L × Y NS *** *** NS ** *** NS 
T × Y NS NS NS NS * NS NS 
L × T × Y NS NS * NS NS ** NS 
SM sequence 
L ** * * NS NS ** NS 
T NS NS ** NS *** * NS 
L × T NS * * NS NS NS NS 
* Significant at the 0.05 probability level.  15 
** Significant at the 0.01 probability level. 16 
 *** Significant at the 0.001 probability level. 17 
† ADF, acid detergent fiber; ADL, acid detergent lignin; MM, maize following maize; NDF, neutral detergent fiber; SM, maize following soybean. 18 
‡ NS, nonsignificant. 19 
Table 4. Treatment means and significance for MM† measurements including GY, TAB, stover yield, HI, stover C, stover N, C/N, grain protein, grain 20 
oil, grain starch, and grain density, and EY at Boone and Kanawha in 2015 and 2016, respectively.  Grain yield was obtained from combine harvest and 21 
is expressed with grain density and EY at 150 g kg-1 moisture content.  Total aboveground biomass, stover yield, HI, stover C, stover N, grain protein, 22 
grain oil, and grain starch are expressed on an oven-dry basis.   23 




C/N Protein Oil Starch Density EY EY 
 ___________ Mg ha-1 ___________ ________ g kg-1 _________  _____________ g kg-1 _____________ g cc-1 L kg-1 L ha-1 
2015 
1 11.3 17.48 6.98 0.60 480 5.3 91.6 65 32 638 1.21 0.42 4786 
2 10.3 15.96 6.25 0.62 469 4.9 95.7 64 34 636 1.20 0.42 4359 
3 12.7 21.02 8.90 0.58 474 7.0 68.6 65 37 636 1.22 0.42 5350 
4 11.5 16.56 7.62 0.54 475 6.0 79.6 59 36 641 1.22 0.43 4895 
5 13.4 20.77 8.37 0.60 471 5.5 85.9 65 33 637 1.22 0.42 5660 
6 12.8 16.36 5.81 0.64 479 4.5 108.7 63 33 638 1.21 0.42 5418 
7 10.6 17.60 6.65 0.62 479 5.8 82.2 64 34 636 1.21 0.42 4486 
8 10.3 12.61 4.76 0.66 463 5.9 81.0 58 38 640 1.21 0.43 4383 
9 11.1 18.83 7.08 0.62 489 4.6 107.6 60 33 640 1.21 0.43 4745 
10 9.6 13.56 5.23 0.61 477 5.0 96.7 60 33 639 1.19 0.43 4085 
11 8.3 15.28 6.71 0.56 467 5.0 93.8 57 36 643 1.20 0.43 3537 
12 8.8 14.23 5.51 0.61 481 4.7 104.7 58 34 641 1.20 0.43 3747 
SE 0.72 1.51 0.81 0.04 5.08 0.37 6.83 1.26 0.69 1.20 0.006 0.001 300.73 
  P > F 
No LM vs. LM *** ** ** NS NS NS NS *** NS ** ** *** *** 
Hybrid NS§ NS NS NS NS ** * * *** NS NS NS NS 
Cover × hybrid NS * NS NS * NS NS * NS * NS NS NS 
No LM vs. KB * NS NS NS NS NS NS ** NS NS NS NS *
No LM vs. CF *** ** * NS NS * * *** NS *** *** *** ***
CF vs. KB ** NS NS NS NS NS NS * NS * NS NS **
LM insensitive vs. 
LM sensitive 
NS NS NS NS * NS NS *** *** ** NS * NS
R1 vs. R2 NS * * NS NS * * * NS NS NS NS NS
R1 vs. LM  *** *** ** NS NS ** * *** NS ** *** *** ***
2016 
1 13.2 18.90 7.77 0.59 461 5.9 79.1 62 31 634 1.21 0.43 5631 
2 12.7 20.81 8.89 0.57 462 5.7 82.8 62 32 632 1.20 0.42 5375 
3 12.3 18.03 7.60 0.58 461 5.9 79.6 59 34 635 1.24 0.43 5282 
4 11.8 14.61 6.77 0.54 458 6.1 76.6 58 33 636 1.23 0.43 5073 
5 13.1 17.32 7.47 0.57 513 5.5 95.9 63 30 632 1.23 0.43 5607 
6 13.7 18.85 9.17 0.51 463 4.8 96.3 62 31 632 1.22 0.43 5830 
7 6.7 13.04 5.12 0.61 456 5.1 89.9 60 33 633 1.18 0.43 2836 
8 6.9 13.46 6.04 0.55 454 6.6 73.1 58 34 635 1.22 0.39 2727 
9 6.4 12.10 5.60 0.53 455 4.4 102.9 60 31 634 1.19 0.43 2739 
10 11.0 17.86 7.35 0.59 458 5.2 88.8 63 31 633 1.22 0.43 4682 
11 8.8 15.18 6.68 0.55 457 6.7 69.2 60 33 633 1.21 0.43 3738 
12 9.2 14.12 6.29 0.55 455 4.5 101.3 61 31 634 1.20 0.43 3936 
SE 0.76 1.23 0.61 0.021 14.58 0.63 6.84 1.53 0.66 1.90 0.009 0.01 348.64 
  P > F 
No LM vs. LM *** *** *** NS NS NS NS NS NS NS ** NS *** 
Hybrid NS NS NS * NS NS ** NS *** NS ** NS NS 
Cover × hybrid NS NS NS NS NS NS NS NS NS NS NS NS NS 
No LM vs. KB *** *** *** NS NS NS NS NS NS NS *** NS *** 
No LM vs. CF *** * * NS NS NS NS NS NS NS NS NS *** 
CF vs. KB *** ** * NS NS NS NS NS NS NS * NS *** 
LM insensitive vs. 
LM sensitive 
NS NS NS * NS * * NS * NS NS NS NS 
R1 vs. R2 NS NS NS * NS NS NS NS NS NS NS NS NS 
R1 vs. LM  *** *** ** NS * NS NS NS NS NS ** NS *** 
* Significant at the 0.05 probability level.  24 
** Significant at the 0.01 probability level. 25 
 *** Significant at the 0.001 probability level. 26 
† CF, creeping red fescue; EY, ethanol yield; KB, Kentucky bluegrass; HI, harvest index; LM, living mulch; MM, maize following maize; R1, no LM treatment 27 
with residue removal; R2, no LM treatment with residue retention; TAB, total aboveground biomass. 28 
‡ Treatments 1 to 6 are maize with no LM, with residue removal for treatments 1, 3, and 5.  Treatments 1 and 2 are the population sensitive hybrid, treatments 3 29 
and 4 are the population insensitive hybrid, and treatments 5 and 6 are the yield stable hybrid.  Treatment 7 to 9 are maize with KB.  Treatment 7 is the 30 
population sensitive hybrid, treatment 8 is the population insensitive hybrid, and treatment 9 is the yield stable hybrid.  Treatments 10 to 12 are maize with CF. 31 
Treatment 10 is the population sensitive hybrid, treatment 11 is the population insensitive hybrid, and treatment 12 is the yield stable hybrid. 32 
§ NS, nonsignificant.  33 
Table 5. Treatment means and significance for MM† measurements including sequential fiber parameters, including total ash, NDF, ADF, ADL, 34 
hemicellulose, cellulose, and lignin, all expressed on a g kg-1 basis, at Boone and Kanawha in 2015 and 2016, respectively. 35 
Treatment‡ Total ash NDF ADF ADL Hemicellulose Cellulose Lignin
 ________________________________________________ g kg-1 ________________________________________________ 
2015 
1 72 811 489 63 322 427 60 
2 79 803 475 51 328 424 47 
3 77 801 469 53 332 415 50 
4 74 809 477 52 333 425 48 
5 86 799 479 53 320 426 49 
6 85 802 471 51 331 419 47 
7 84 799 469 46 329 424 42 
8 74 814 469 47 345 422 44 
9 82 798 469 53 329 416 49 
10 80 802 460 48 341 413 44 
11 77 803 453 43 350 410 39 
12 77 805 456 44 349 412 42 
SE 5.63 6.14 6.74 3.09 5.74 5.84 3.26 
 P > F 
No LM vs. LM NS§ NS ** *** *** NS ** 
Hybrid NS NS NS NS * NS NS 
Cover × hybrid NS NS NS * NS NS * 
No LM vs. KB NS NS NS * NS NS * 
No LM vs. CF NS NS *** *** *** * ** 
CF vs. KB NS NS * NS ** NS NS 
LM insensitive vs. 
LM sensitive 
NS NS NS NS * NS NS 
R1 vs. R2 NS NS NS * NS NS NS 
R1 vs. LM  NS NS ** *** *** NS *** 
2016 
1 81 806 483 55 323 428 50 
2 83 796 472 53 324 419 46 
3 91 788 455 54 333 401 46 
4 91 774 446 45 328 401 37 
5 87 802 478 54 324 424 47 
6 88 805 480 52 325 428 45 
7 89 797 440 59 358 381 53 
8 97 780 432 39 348 393 32 
9 102 782 435 50 347 385 44 
10 83 804 459 47 345 412 42 
11 96 778 436 77 342 360 70 
12 94 796 453 49 343 404 42 
SE 4.19 5.61 5.90 6.81 3.80 9.10 6.79 
 P > F 
No LM vs. LM ** NS *** NS *** *** NS 
Hybrid * ** ** NS NS NS NS 
Cover × hybrid NS NS NS NS * NS NS 
No LM vs. KB ** * *** NS *** *** NS
No LM vs. CF NS NS *** NS *** *** NS
CF vs. KB NS NS ** NS * NS NS
LM insensitive vs. 
LM sensitive 
* *** * NS NS * NS
R1 vs. R2 NS NS NS NS NS NS NS
R1 vs. LM  * * *** NS *** *** NS
* Significant at the 0.05 probability level.  36 
** Significant at the 0.01 probability level. 37 
 *** Significant at the 0.001 probability level. 38 
† ADF, acid detergent fiber; ADL, acid detergent lignin; CF, creeping red fescue; KB, Kentucky bluegrass; LM, living mulch; MM, maize following maize; 39 
NDF, neutral detergent fiber; R1, no LM treatment with residue removal; R2, no LM treatment with residue retention. 40 
‡ Treatments 1 to 6 are maize with no LM, with residue removal for treatments 1, 3, and 5.  Treatments 1 and 2 are the population sensitive hybrid, treatments 3 41 
and 4 are the population insensitive hybrid, and treatments 5 and 6 are the yield stable hybrid.  Treatment 7 to 9 are maize with KB.  Treatment 7 is the 42 
population sensitive hybrid, treatment 8 is the population insensitive hybrid, and treatment 9 is the yield stable hybrid.  Treatments 10 to 12 are maize with CF. 43 
Treatment 10 is the population sensitive hybrid, treatment 11 is the population insensitive hybrid, and treatment 12 is the yield stable hybrid. 44 
§ NS, nonsignificant.   45 
Table 6. Treatment means and significance for SM† measurements including GY, TAB, stover yield, HI, stover C, stover N, C/N, grain protein, grain 46 
oil, grain starch, and grain density, and EY at Boone and Kanawha in 2015 and 2016, respectively.  Grain yield was obtained from combine harvest and 47 
is expressed with grain density and EY at 150 g kg-1 moisture content.  Total aboveground biomass, stover yield, HI, stover C, stover N, grain protein, 48 
grain oil, and grain starch are expressed on an oven-dry basis.   49 
Treatment‡ GY TAB Stover  HI Stover C Stover N C/N Protein Oil Starch Density EY EY
 ___________ Mg ha-1 ___________ _________ g kg-1 _________  _____________ g kg-1 _____________ g cc-1 L kg-1 L ha-1 
2015 
1 13.2 18.33 7.58 0.59 477 6.6 73.6 67 32 635 1.21 0.42 5539 
2 11.7 18.84 8.63 0.55 476 6.9 70.0 61 35 639 1.22 0.42 4957 
3 14.6 20.20 8.39 0.58 474 6.2 78.1 68 33 635 1.24 0.42 6135 
4 9.6 15.70 6.99 0.56 476 5.2 95.7 59 34 639 1.20 0.43 4093 
5 10.7 18.23 8.32 0.54 475 6.0 81.1 59 35 642 1.21 0.43 4579 
6 11.8 13.36 5.51 0.59 469 5.4 86.7 60 33 640 1.21 0.43 5015 
7 9.4 16.60 6.54 0.60 481 5.5 88.8 63 33 638 1.20 0.42 3984 
8 8.5 18.56 8.29 0.55 470 5.4 87.2 57 35 642 1.21 0.43 3664 
9 10.8 15.30 5.88 0.62 476 5.6 86.0 62 34 638 1.21 0.42 4572 
SE 0.79 1.50 0.84 0.02 4.10 0.54 6.95 1.70 0.85 1.07 0.006 0.001 327.79 
  P > F 
No LM vs. LM *** ** * NS NS ** ** *** NS *** *** *** *** 
Hybrid * NS NS NS NS NS NS * NS ** NS NS * 
Cover × hybrid NS * NS NS NS NS NS * NS NS NS NS NS 
No LM vs. KB *** ** * NS NS * ** *** NS *** ** *** *** 
No LM vs. CF *** * * NS NS ** * *** NS *** * ** *** 
CF vs. KB NS§ NS NS NS NS NS NS NS NS NS NS NS NS 
LM insensitive 
vs. LM sensitive 
NS NS NS NS NS NS NS NS NS ** * * NS 
2016 
1 14.6 20.99 8.47 0.60 461 6.3 76.6 65 32 629 1.22 0.42 6177 
2 14.9 20.95 8.82 0.58 457 7.3 63.1 62 34 632 1.24 0.43 6373 
3 15.0 20.74 9.38 0.55 458 6.5 72.2 65 31 631 1.25 0.43 6356 
4 5.9 11.54 4.31 0.62 456 5.4 85.0 58 32 635 1.20 0.43 2534 
5 8.2 14.13 5.57 0.60 453 5.9 78.3 58 32 636 1.23 0.43 3533 
6 6.0 10.21 4.34 0.56 449 5.9 78.5 59 33 634 1.22 0.43 2572 
7 10.1 14.13 5.37 0.62 460 5.3 89.2 58 33 636 1.21 0.43 4323 
8 10.2 15.78 6.87 0.56 452 6.4 71.1 57 34 636 1.24 0.43 4403 
9 11.0 16.21 7.21 0.57 456 5.4 85.0 63 31 633 1.23 0.43 4672 
SE 0.99 1.75 0.96 0.03 2.72 0.64 8.56 2.31 1.00 2.05 0.01 0.002 424.62 
  P > F 
No LM vs. LM ***  ***  ***  NS ** ** * *** NS ** * *** *** 
Hybrid NS NS NS NS NS NS NS NS NS NS * NS NS 
Cover × hybrid NS NS NS NS NS NS NS NS NS NS NS NS NS 
No LM vs. KB ***  ***  ***  NS ** * NS ** NS ** ** ** *** 
No LM vs. CF ***  ***  **  NS NS *  NS ** NS ** NS ** *** 
CF vs. KB ***  *  *  NS NS NS NS NS NS NS NS NS *** 
LM insensitive 
vs. LM sensitive 
NS  NS  NS  NS * NS NS NS NS NS ** NS NS 
* Significant at the 0.05 probability level.  50 
** Significant at the 0.01 probability level. 51 
 *** Significant at the 0.001 probability level. 52 
† CF, creeping red fescue; EY, ethanol yield; KB, Kentucky bluegrass; HI, harvest index; LM, living mulch; SM, maize following soybean; TAB, total 53 
aboveground biomass. 54 
‡ Treatments 1 to 3 are maize with no LM.  Treatment 1 is the population sensitive hybrid, treatment 2 is the population insensitive hybrid, and treatment 3 is the 55 
yield stable hybrid. Treatment 4 to 6 are maize with KB.  Treatment 4 is the population sensitive hybrid, treatment 5 is the population insensitive hybrid, and 56 
treatment 6 is the yield stable hybrid.  Treatments 7 to 9 are maize with CF.  Treatment 7 is the population sensitive hybrid, treatment 8 is the population 57 
insensitive hybrid, and treatment 9 is the yield stable hybrid.  The first 3 treatments were duplicated within each block from which the averages were derived.   58 
§ NS, nonsignificant.  59 
Table 7. Treatment means and significance for SM† measurements including sequential fiber parameters, including total ash, NDF, ADF, ADL, 60 
hemicellulose, cellulose, and lignin, all expressed on a g kg-1 basis, at Boone and Kanawha in 2015 and 2016, respectively. 61 
Treatment‡ Total ash NDF ADF ADL Hemicellulose Cellulose Lignin
 ________________________________________________ g kg-1 ________________________________________________ 
2015 
1 75 803 482 53 321 430 49 
2 81 801 469 51 331 418 48 
3 78 796 474 52 322 422 48 
4 75 801 466 43 335 423 40 
5 73 820 475 45 345 430 43 
6 76 805 471 46 334 424 44 
7 74 800 463 45 337 418 43 
8 70 814 478 49 336 429 47 
9 76 787 453 44 333 409 41 
SE 5.62 9.74 8.87 2.86 6.62 7.95 2.83 
 P > F 
No LM vs. LM NS§ NS NS ** ** NS ** 
Hybrid NS NS NS NS NS NS NS 
Cover × hybrid NS NS NS NS NS NS NS 
No LM vs. KB NS NS NS ** ** NS ** 
No LM vs. CF NS NS NS * * NS * 
CF vs. KB NS NS NS NS NS NS NS 
LM insensitive vs. 
LM sensitive 
NS NS NS NS NS NS NS 
2016 
1 85 799 482 55 317 427 48 
2 97 773 445 49 328 395 41 
3 93 800 478 53 322 425 45 
4 94 795 439 55 356 384 50 
5 102 778 429 34 348 395 28 
6 111 776 429 40 348 388 34 
7 85 804 465 44 339 421 39 
8 102 785 446 58 340 387 50 
9 97 792 455 53 337 401 45 
SE 5.98 8.00 9.28 6.36 4.44 10.20 6.05 
 P > F 
No LM vs. LM * NS *** NS *** ** NS 
Hybrid * * * NS NS NS NS 
Cover × hybrid NS NS NS NS NS NS NS 
No LM vs. KB * NS *** NS *** ** NS
No LM vs. CF NS NS NS NS *** NS NS
CF vs. KB NS NS ** NS ** NS NS
LM insensitive vs. 
LM sensitive 
* * NS NS NS NS NS
* Significant at the 0.05 probability level.  62 
** Significant at the 0.01 probability level. 63 
 *** Significant at the 0.001 probability level. 64 
† ADF, acid detergent fiber; ADL, acid detergent lignin; CF, creeping red fescue; KB, Kentucky bluegrass; LM, living mulch; NDF, neutral detergent fiber; SM, 65 
maize following soybean. 66 
‡ Treatments 1 to 3 are maize with no LM.  Treatment 1 is the population sensitive hybrid, treatment 2 is the population insensitive hybrid, and treatment 3 is the 67 
yield stable hybrid. Treatment 4 to 6 are maize with KB.  Treatment 4 is the population sensitive hybrid, treatment 5 is the population insensitive hybrid, and 68 
treatment 6 is the yield stable hybrid.  Treatments 7 to 9 are maize with CF.  Treatment 7 is the population sensitive hybrid, treatment 8 is the population 69 
insensitive hybrid, and treatment 9 is the yield stable hybrid.  The first 3 treatments were duplicated within each block from which the averages were derived.   70 
§ NS, nonsignificant. 	71 
